Pn spectra are collected from three PASSCAL seismic experiments in the Tibetan Plateau (TP), over four path groups. The first and second path groups run southward from events in the eastern Tarim Basin (ETB), to sta- refraction at low frequencies, and as multiply bounced and scattered ("whispering-gallery") rays at high frequencies.
INTRODUCTION
Pn is the first arriving high-frequency seismic phase at regional distances between about 2-15°. It is an important phase to be used in location, identification and size-estimate of seismic events, and in inferring the velocity and attenuation structures of the Earth's uppermost mantle. At close distances Pn is much like a mantle head wav e, which evolves into a mantle turning wav e with increasing distance (e.g., Sereno and Given, 1990 ). This peculiar wav e ev olution causes the features of Pn, such as its ray geometry, travel time and amplitude vary with distance in manners that are highly dependent on the velocity gradient in the mantle lid. Simplifications to these variations are typically introduced when Pn is used to study the velocity and attenuation structures of the mantle lid. Pn arrival times have been extensively used to study the lateral variations of compressional wave velocity (v p ) in the lid (e.g., Hearn et al., 1986) . Most studies have ignored effects of the mantle velocity gradient and treated Pn as a pure head wav e at all distances. A few studies, such as Zhao and Xie (1993) and Hearn et al. (2004) accommodated the firstorder effect of velocity gradient and obtained v p models that vary both laterally and vertically in the mantle lid.
Few studies have been conducted to use Pn amplitude to estimate its attenuation, or Q. A fundamental difficulty in estimating Pn attenuation is caused by the lack of knowledge of the geometrical spreading term (G.S.T.), which describes the Pn amplitude falloff with distance owing to the wav efront expansion in the mantle lid. The Pn G.S.T. is very sensative to details of the lid velocity structure. Sereno and Given (1990) and Xie (1996) estimated the G.S.T. of Pn for Scandinavia and central Asia using synthetic seismograms calculated for various 1D velocity models. They found even for these simplified models the G.S.T. varied with distance and frequency in rather complex manners. In the real, 3D Earth structure even more complications are expected. For example, scattering and multiple bouncing (whispering-gallery) processes may affect the Pn wav etrain (e.g., Richards, 1980, 1983) . To tackle the uncertainty in G.S.T., different parameterizations have been used in studies of Pn amplitude attenuation. Sereno et al. (1988) and Xie and Patton (1999) assumed a simplified, frequency independent G.S.T. of ∆ −1.3 and estimated models of Pn Q (Q( f )) in Scandinavia and central Asia. They assumed a power-law frequency dependence of Pn Q,
where Q 0 and η are Pn Q at 1 Hz and its frequency dependence, respectively. They obtained similar Q 0 values of 325 and 364, and η values of ∼0.5 for the two regions. Zhu et al. (1991) simultaneously estimated a frequency-dependent G.S.T. and Q( f ) for Canadian shield. Other authors such as Tinker and Wallace (1997) , who studied Pn attenuation at near-regional distances within about 350 km, simply parameterized Pn attenuation by a single G.S.T. without Q.
The mantle lid under the Tibetan plateau (TP) is known to have highly laterally variable P wav e velocities (v p ). Zhao and Xie (1993) , McNamara et al. (1997) and Hearn et al. (2002) used Pn arrival time data to invert for the laterally varying v p models. Their v p models contain grossly similar features such as a zone of low v p under northern TP, and high v p under much of southern TP. Ni and Barazangi (1983) and McNamara et al. (1995) also found that the Sn wav e, which is the shear wav e that traverses the mantle lid similarly to Pn, seemed to suffer abnormally high attenuation under northern TP. These findings are used to infer that the mantle lid is hot and partially molten under a broad region in northern TP, and cold under southern TP. Results of Pn and Sn studies contributed to the developement of geodynamic model in which the Indian lithosphere underthrusts in southern TP (Nelson et al., 1996) , and subducts into the mantle further south, along the latitude of ∼32°N .
Measurements of Sn attenuation under TP has been conducted by qualitatively comparing the amplitudes of Sn and P coda. The intrepretation of the low Sn attenuation is also complicated by the possibility of an abnormal Poisson ratio in the mantle lid (Ni and Barazangi, 1983; McNamara et al., 1995, XXX Owens?) and easternmost TP where Pn velocity is high (≥ 8.0 km/s), the total Pn attenuations are similar to one another and much higher than that under the northern TP. The simplest explanation of this regional variation of the total Pn attenuation is that the variation is primarilly controled by the variation in the intrinsic Q p in the uppermost mantle, a quantity that is very sensitive to temperature varation. A regional variation of G.S.T. only plays a secondary role in affecting the Pn attenuation. Figure 1 shows all seismic stations in Tibet deployed during the three PASSCAL experiments. The 1991-1992 Sino-US Tibetan Plateau experiment consisted of 11 broad-band stations that were deployed between July, 1991 and July, 1992 (Owens et al., 1993) , in the eastern part of the Tibetan plateau. The INDEPTH II experiment was conducted in southern Tibet between May and October, 1994 (Nelson et al., 1996) , with 15 broad-band and short-period stations deployed along an NNE-oriented profile. The INDEPTH III experiment was conducted in central Tibet between July, 1998 and June, 1999. Fortyseven broad or intermediate band and 15 short-period stations were deployed along a profile across the Banggong-Nujiang Suture (BNS) in a NNW direction (Figure 1 ; also c.f. Rapine et al., 2003) . Stations in all three experiments are three-component, with sampling rates of 20 s −1 or higher. Figure 1 also shows the locations of regional events used in this study. Figure 2 shows an example of the record sections containing Pn.
DAT A PROCESSING
To obtain stable estimates of Pn amplitude spectra, a finite-length Pn wav etrain that includes Pn coda must be used (Sereno et al., 1988; Zhu et al., 1991; Xie and Patton, 1999) . In this study we follow the procedure by these authors to compute average spectra of Pn and Pn coda, using spectra from a series of overlapping windows applied to the vertical-component seismograms. These windows have a constant length of 4.5 s, a 20%
taper and 50% overlap. Only spectra with signal to noise ratios larger than 2 are used. The maximum number of the windows for a given seismogram is determined by the following criteria: (a) the total length of Pn wav etrain sampled does not exceed 12.5 s (i.e., the maximum window number is 5), (b) at closer distances (∆ < 1000 km) the last window does not include signals with group velocities slower than 6.6 km/s, so the crustal Pg wav e is not sampled; and (c) at large recording distances (∆∼1500 km) the last window does not include the possible reflections from the 440 km and 660 km discontinuities, previously observed in Tibet (8301 Program Group, 1988) . Figure 3 shows an example of the windows used, and the resulting individual and average Fourier spectra of the Pn wav etrain.
The effect of ambient noise is reduced by subtracting the signal power by the noise power. Instrument responses are then removed. We shall refer to the average spectra thus calculated for the Pn wav etrain as "Pn spectra" in the rest of the paper. are not monotonic with distance, so path attenuation from finite Q is not the primary cause of the variations. Xie (1996) and Xie and Patton (1999) concluded that the most likely cause for the drastic Pn amplitude variations across the KNET is a laterally varying
Moho topography that likely occurred along the Tienshan range. Xie (1996 Xie ( , 2003 . Pn velocity analyses reveal that the BNS is an approximate boundary separating regions of abnormally slow and fast mantle lid velocities (Zhao and Xie, 1993; McNamara et al., 1997; Hearn et al., 2002; Xie, 2003) . So in this study we have divided the INDEPTH III stations into two groups. Group 1 (denoted as III-1) contains stations south of the BNS and group 2 (denoted as III-2) contains 23 stations north of, and on, the BNS ( Figure 5 ). Rows 3 and 4 of Figure 4 show the Pn spectra from KNET and the two groups of INDEPTH III stations. As in the case of Pn spectra from the explosions (top two rows in Figure 4 ), the spectra from earthquakes (bottom two rows) also exhibit substantial variations within each network, particularly the KNET. The averages of Pn spectra from KNET and INDEPTH III stations also exhibit a frequency-dependent separation, indicating more severe attenuation of the Tibetan mantle lid at higher frequencies. There are also notable differences between explosion and earthquake spectra. For example, the explosion spectra contain spectral overshoots near the source corner frequencies (e.g., above 1 Hz for the October 7 explosion). The earthquake spectra (bottom rows) exhibit no overshoot and decay more gently (see Xie and Patton, 1999 for a detailed discussion).
STOCHASTIC MODELING OF PN SPECTRA
To quantitatively estimate Pn Q and source spectra, we use the stochastic modeling of Pn spectra used by Sereno et al. (1988) and adapted by Xie and Patton (1999) . For convenience we briefly summarize the modeling here. We assume that Pn spectra, A( f ), can be modeled by
where θ , ∆, V are the azimuth, distance and Pn group velocity, respectively. Q( f ) is Pn Q (equation (1)). R(θ ) is the source radiation pattern. X( f ) is an error term that represents systematic errors such as a non-unity site response, and random errors caused by amplitude fluctuation. S( f ) is the Pn source spectrum, which is given by the Brune's model and Modified Mueller-Murphy (MMM) model for earthquakes and explosions, respectively (equation (2) of Xie and Patton, 1999) . Both models have f −2 asymptotic decays at high-frequencies, and are grossly characterized by a seismic moment (M 0 ) and corner frequency ( f c ). The MMM model for explosions also has a spectral overshoot controlled by a parameter β , which is set as 1.0 by Xie and Patton (1999) . In equation (2), G(∆) is the geometrical spreading term (G.S.T.) and takes the form,
where ∆ 0 is a reference distance, and m is the decay rate of A( f ) at large distances (∆ > ∆ 0 ). As mentioned in the Introduction, a well known problem in modeling Pn is that the values of ∆ 0 and m are uncertain because of the unknown details of the lid velocity structure. Based on theoretical and empirical considerations, Sereno et al., (1988) used ∆ 0 and m of 1 km and 1.3, respectively, for Scandinavia. Xie (1996) found that these values were also within the ranges obtained using synthetic Pn wav eforms in various 1D
velocity models for central Asia. Therefore Xie and Patton (1999) Xie and Patton (1999) are apparent because they are obtained with the specific geometrical spreading. These values are robust and will be used as a priori knowledge in this study (next section).
ESTIMATES OF APPARENT PN Q TO INDEPTH STATIONS
The October 7 explosion was recorded by 8 KNET stations. The average Q 0 and η to these stations were estimated to be 381 and 0.4, respectively (Xie and Patton (1999) . We input these values to the Bayesian method to estimate source M 0 , f c path-variable Q 0 and η values to the INDEPTH II stations (Equation (2), also see equation (13) of Xie and Patton, 1999) . Figure 6 (row 1) shows the fit of the resulting source spectral and path Q Xie and Patton (1999) . The average η to INDEPTH II stations is 0.0±0.1, which is much lower than the average η of 0.5 estimated to the KNET stations.
The June 10 explosion is relatively poorly recorded, in narrower frequency bands and by fewer stations (Figure 4 ). We are not confident at estimating Q using that event.
Earthquake 99.030 was recorded by all 12 KNET stations and 38 INDEPTH III stations. We assume that for this earthquake the source radiation pattern (R(θ ) in equation (2) The Q 0 and η estimates presented in this section are those along long paths from ETB and contain small crustal segments in both the source and receiver end, and small mantle segments in the Tarim Basin. The two-station method , when applicable, can minimize effects of both attenuation outside the networks and the source radiation. We attempted to use that method to estimate Pn Q along the INDEPTH profiles but obtained very unstable (negative) Q values. This is caused by the large variability of Pn spectral amplitudes within the INDEPTH II and III networks (Figure 4 ) which means errors (X( f ) in equation (2)) are large. Xie et al. (2004) pointed out that at a given frequency, the effect of error (X( f )) in Q estimates could be suppressed by using large measuring distances. Unfortunately the INDEPTH profiles are short (< 350 or 400 km;
see Figure 1 ), resulting in small inter-station distances that are not adequate to suppress the large X( f ).
APPARENT PN Q ALONG PASSCAL PROFILES IN EASTERN TIBET
Stations deployed during the 1991-1992 Sino-US Tibetan Plateau experiment (Owens et al., 1993, BSSA) recorded Pn spectra from four regional earthquakes (Figures 1 and 5) that are approximately in line with profiles SANG-TUNL and SANG/GANZ-MAQI in eastern Tibet. Inter-station distances along these profiles are generally large so the effect of error term (X( f )) in two-station Q measurements should be reduced (last section). We use Pn spectra along these profiles to estimate spectral ratios from many pairs of two-stations. These ratios are then averaged along profiles SANG-TUNL, SANG/GANZ-MAQI and WNDO-TUNL to estimate Q 0 and η using equation (4) KNET (Xie and Patton, 1999 , also see the last section). Higher Q 0 values are found along paths from LTS to south central Tibet, and along the two profiles in eastern Tibet. This trend of Q 0 increase from northern Tibet to southern and eastern Tibet will be further discussed later, after we broaden the comparison of Pn attenuations to include those from other continental regions.
A COMPARISON OF PN ATTENUATION IN CONTINENTAL REGIONS
As mentioned in the Introduction, there have only been few publications documenting Pn attenuation on continents at far-regional distances. The published models of Pn attenuation, or Q, are obtained using different G.S.T. (Sereno et al., 1988; Zhu et al., 1991; Xie and Patton, 1999) . To compare them with those obtained in this study, we calculate models of Pn attenuation in the frequency domain at a reference distance of 1200 km (Figure 8 ). The calculation simultaneously accounts for the G.S.T. used, and the esti- while being somewhat higher than model N. TP. This is also not surprising given that model C. TB. is developed for paths from LTS to southern Tibet ( Figure 5 ) and partially samples the expected high intrinsic Q in the cold mantle lid beneath southern Tibet. The pattern of spacial variation of Pn attenuation under the TP is similar to that of Pn velocity (Zhao and Xie, 1993; McNamara et al., 1997) and suggest that lid temperature is the dominant driving factor for both variations of Q p and V p .
A plausible explanation for the low lev el of model C. TB. at higher frequencies is that at these frequencies, the Pn wav etrain propagates with a different mechanism than at low frequencies. Menke and Richards (1980; proposed that the high frequency Pn wavetrain observed at teleseismic distances (up to 20°) may travel as a group of "whispering-gallery" phases that are multiply bounced and scattered near the Moho. The "whispering-gallery" mechanism has recently been used extensively to explain the puzzling observation of a high-frequency (> 2 Hz) Pn wav etrain at teleseismic distances of up to 3,000 km along the Soviet Peaceful Nuclear explosions (e.g, Morozov and Smithson, 2000; Neilsen and Thybo, 2003) . The low-frequency Pn wav etrains from the ETB to Tibetan stations may propagate along deep-turning, refracted rays similar to those calculated for a 1D structure in Figure 9 . They are much affected by the deep-seated anomalies of velocity and intrinsic Q in the mantle lid. Specifically, deep-seated low velocity, low Q mantle material under north central Tibet, and high velocity, high Q material under southern Tibet, might have caused the observed Pn velocity and low-frequency Pn Q to vary from north to south. On the other hand, if high-frequency Pn wav etrains propagate along the "whispering-gallery" rays similar to those shown in Figure 9 , they may not be much affected by the deep-seated anomalies. Rather, they may be more affected by the 3D velocity and Q structures near the Moho, particularly the scattering in this region (Menke and Richards, 1983; Kvaerna and Doornbos, 1991; Ryberg et al., 1995; Morozov and Smithson, 2000) . If this frequency-dependent Pn propagation mechanism is at work under much of the TB, then Pn attenuation may be dominantly affected by intrinsic Q at lower frequencies, and by scattering Q at higher frequencies.
CONCLUSIONS AND DISCUSSION
Pn attenuation is studied using data from three PASSCAL experiments in the Tibetan
Plateau ( Lateral variations of Pn Q 0 has a pattern that is similar to those of Pn velocity and is consistent with an inferred hot mantle lid under north central TB.
A comparison of total Pn attenuation that includes effects of both geometrical spreading and finite Q is made at a reference distance for various continental regions. In the stable regions of entral Asia, Scandinavia and the Canadian shield where Pn velocity is higher than 8.0 km/s. Pn attenuation are similar and low. In and around the TP, Pn attenuation is the strongest under north central Tibet, and increase toward south and east.
In the easternmost TP Pn attenuation becomes similarly low to those in the stable regions.
The variation of Pn attenuation correlates inversely to that of Pn velocity. It seems that both Pn attenuation and Pn velocity are dominantly affacted by the temperature of the mantle lid, as would be expected if the Pn attenuation is mainly controled by the temperature-sensitive, intrinsic Q p in the mantle lid.
In theory, intrinsic P wav e Q, Q p , in the mantle lid is strongly affected by the temperature there. Caution must be taken in any attempts to infer lid temperature using Pn Q for three reasons. First, the estimated Pn Q are associated with an uncertainty caused by the imprecise G.S.T. used. Second, the estimated Pn Q may sample cumulative Q of various segments along Pn paths, including the short crustal segments. Third, Pn Q may contain contributions of both intrinsic Q and scattering Q as mentioned above. In the TP, the lowest Pn Q 0 , η model of 183, 0.3 is obtained for paths from ETB to northern TB. The highest Pn Q 0 , η of 374, 0.3 is obtained for easternmost TP. It is possible that the former η is higher than the η of lid Q p because of the contribution of scattering Q at higher frequencies. To explore whether temperature can provide a plausible explanation of a variation in lid Q p under the TP, we make a simplified assumption that the η of lid Q p in question is actually 0.2 rather than 0.3, but all the other three estimated values approximately reflect those of lid Q p . Using equation (7) of Mitchell (1995) we estimate that, if the temperature in the mantle lid is 800°C under easternmost TB at a depths of about 150 km, then the temperature would be 1260°C under north-central Tibet. These temperatures are similar to (a) the estimates by McNamara et al. (1997) using Pn velocity variations and ev en more simplifications on lid Q p , and (b) the estimates made by other authors as summarized by McNamara et al. (1997) . This demonstrates that although there is much uncertainty in Q measurements and theoretical relationships, temperature variation alone can indeed explain a lateral variation in lid Q p under the TP. A similar inference has been made about mantle shear Q in the continental U.S. by Mitchell (1995) .
A by-product of this study is a set of Pn travel time measurements, which were used to estimate apparent Pn velocities under the INDEPTH and 1991-1992 TP networks.
Using two-way travel times along two profiles in the eastern TB, approximate dip angles along the profiles are also estimated. The maximum dip is estimated to be 2.6°in southeast TP, indicating a crustal thinning toward north.
APPENDIX A: POTENTIAL RADIATION PATTERN FROM THE 1999 EARTH-QUAKE
In theory, Pn spectra from earthquake 99.030 may be affected by a non-isotropic source radiation pattern (R(θ ) in equation (2)).
In this appendix we demonstrate that the effect of this pattern is small and, when ignored, should not have caused significant errors in Pn Q estimates. First we note that this study uses finite Pn wav etrains, which are less vulnerable to the radiation pattern than are the first Pn pulses (Zhao and Ebel, 1993 ). To further explore the level of the radiation pattern from event 99.030, we calculate synthetic Pn wavetrains using (1) 1-D velocity model "M1" by Roecker et al. (1993) , and (2) We can estimate the relative error in Pn Q 0 measurement caused by an error δ x arising from an unaccounted R(θ ) of 1.3, using equation (A8) of Xie et al. (2004) . Assuming δ x=0.3, V =7.6 km/s, f =1 Hz, and ∆=1200 km, we obtain δ Q 0 /Q 0 of 16% and 11% when the true Q 0 is 260 and 175, respectively. These relative errors in Q 0 are rather small and acceptable. In the true Earth structure 3D scatterings should occur to further smooth-out any radiation pattern.
Next we empirically examine whether by ignoring the effect of non-isotropic R(θ ), 
APPENDIX B: PN VELOCITY ANALYSIS -25-
A by-product of the spectral analysis of this study is a set ot Pn arrival times, which must be read prior to the Fourier transform. These arrival times are used to estimate the apparent Pn velocity under the INDEPTH and 1991-1992 PASSCAL profiles, as well as the KNET. Figure A1 shows examples of the Pn arrival times and the best-fit apparent velocities. Table A1 summarizes the best-fit velocities along all profiles studied. As mentioned in the main text, we have divided the INDEPTH III stations into two groups that are north and south of the BNS ( Figure 5 ; Figure A1 (a)). We obtained very slow and very fast apparent velocities of 7.71±0.12 and 8.27±0.12 km/s for the northern and southern station groups, respectively. These estimates are consistent with those of Hearn et al. (2002) who used a larger set of Pn arrival times and proposed that Pn velocity changes abruptly, from about 7.7 to 8.4 km/s, across the BNS. The change is thought to be caused by hot Along the 1991-1992 profiles (SANG-TUNL and SANG-MAQI) two-way arrival times are available, yielding average apparent Pn velocities that are more reliable estimates of the true lid velocity when the Moho dips (Telford et al., 1976; equation (4.54a) ).
We estimated that the average apparent velocity can vary from the one-way apparent velocities by about 0.1 km/s ( Figure A1 ). Along profiles SANG-TUNL and SANG-MAQI, the estimated two-way average Pn velocity are 8.1 to 8.3 km/s (Table A1) , indicating an eastward increase of lid velocity. This is consistent with the eastward increase of Pn Q 0 reported in the main text. The average dipping angles along these two profiles are also estimated using equation (4.53) of Telford et al. (1976) , and listed in Table A1 . Table 2 Spectra are scaled by ∆ 1.3 to reduce the effect of geometrical spreading. Each row is from one event as indicated at lower left, with "EX" and "EQ" indicating explosions and earthquake (see Figure 1) . The INDEPTH III stations are divided into two groups (III-2 in row 3 and III-1 in row 4), located to the south and north of the BNS (Figures 1 and 5 ).
Left columns show individual spectra from KNET and INDEPTH networks as black and gray curves, with the network name and number of recording stations written nearby.
Right columns show the network averaged spectra and the associated sample standard deviations. The average distances are marked. Zhu et al. (1991) . Model "Scandinavia" is from Sereno et al. (1988) . Model "C. Asia" is for central Asia (Xie and Patton, 1999 ; this study). Models "C. TP." and "N. TP." are obtained from this study for paths running from ETB to stations in south-central Tibet and north-central Tibet (gray and black paths in Figure 5 ), respectively. Model "B&R" is calculated by extrapolating the result of Tinker and Wallace (1997) , which is obtained using Pn decay in the Basin and Range province at near-regional distances. Values of Q 0 and η of the models obtained in this study are written.
Model for the easternmost Tibet obtained in this study is similar to that for Central Asia (end of section 6) and is not plotted to ease the comparison. 
